Figure 1. Representative Immunologic Inhibitory Signaling Systems
Red dots indicate tyrosine phosphorylation of activating motifs in the cytoplasmic tails of each activating receptor. Blue dots indicate tyrosine phosphorylation of inhibitory motifs in the cytoplasmic tails of each inhibitory receptor. (A) Fc␥RIIb1 provides a negative feedback signal for soluble immunoglobulin (sIg) production. The sIg complex and Fc␥RIIb1 (a low affinity receptor for IgG) are both expressed on B cells (left panel). Clustering of sIg receptors by antigen (middle panel) produces a cell activation signal. Coclustering of sIg receptors with Fc␥RIIb1 receptors by contact of the B cell with an immune complex of cognate antigen (i.e. of appropriate specificity to bind to the sIg receptor) and IgG, (right panel) produces a blocked activation signal associated with little or no B-cell proliferation. Coclustering of sIg receptors with Fc␥RIIb1 is thought to be a negative feedback mechanism which informs B cells when adequate concentrations of antigen-specific antibody are available. It is important to note that coligation with Fc␥RIIb1 is able to provide a similar negative signal for at least some T-cell receptor activation events and for high affinity IgE receptor-mediated mast cell and basophil degranulation (Daeron et al., 1995) . (B) Killer cell inhibitory receptors (KIR) and negative regulation of cytolytic immune cells. Natural killer (NK) cells express a number of cell surface receptors which are able to initiate cytolysis, among which is Fc␥RIII (left panel). NK cells recognize target cells through Fc␥RIII when IgG bound to the target cell surface binds to the Fc␥RIII on the NK cell (middle panel). If a target cell lacks appropriate class I MHC molecules, it is killed. If a target cell expresses class I MHC molecules which appropriately interact with KIR on the NK cell, it is protected from cytolysis (right panel). KIR have now been shown to be present on both NK cells and some T cells, with specific KIR mediating protection for specific class I alleles. From a functional standpoint, KIR inhibitory signals are thought to be a critical negative control on NK cell (and some T cell) cytolytic function. (C) CTLA-4 negatively regulates T-cell receptor-mediated activation signals. The T-cell antigen receptor (TCR) and CD4 and/or CD8 coreceptors are expressed on the surface of resting T cells (left panel). Interaction of the T-cell antigen receptor complexes (TCR's) with specific peptide-MHC class II complexes on antigen presenting cells (APC's) coclusters the TCR with CD4 or CD8 (middle panel), resulting in a T-cell activation signal. Upon activation, T lymphocytes upregulate expression of another surface molecule called CTLA-4, which results in interaction of CTLA-4 with its countereceptors CD80 or CD86 (right panel). Mice which lack CTLA-4 have hyperactivated T cells and are prone to lymphoproliferative diseases, suggesting that CTLA-4 mediates an inhibitory signal which provides an important negative feedback control for proliferation and cytokine production induced by T-cell receptor activation signals (Marengere et al., 1996) . that the inhibitory mechanism for all three systems was 1985; Muta et al., 1994) . The lack of apparent effect on shared and quite straightforward-recruitment of a tyrotyrosine phosphorylation associated with the Fc␥RIIb1 sine phosphatase to inhibit tyrosine phosphorylationinhibitory signal seemed inconsistent with a mechanism mediated signaling.
relying solely on recruitment of a tyrosine phosphatase. As data on the site of action of the inhibitory signals This apparent inconsistency may now have been refrom various systems accumulated, it became clear that solved with the recent demonstration that the phosphoran SHP-1/2 recruitment mechanism accounted well for ylated Fc␥RIIb1 ITIM binds to a second protein, SH2 some, but not all, aspects of the inhibitory signals medicontaining inositol-5Ј-phosphatase (SHIP [Damen et al., ated by these receptors. Both the CTLA-4 and KIR inhibi-1996; Lioubin et al., 1996] , see Figure 2 ), and that SHIP tory signals act at the level of early tyrosine phosphorylais recruited to Fc␥RIIb1 and becomes tyrosine phostion events. Lack of CTLA-4 in T cells results in src and phorylated during Fc␥RIIb1 inhibitory signaling (Chacko syk/zap70 family tyrosine kinase hyperactivation and et al., 1996; Ono et al., 1996) . While it seems likely that CD3 hyperphosphorylation (Marengere et al., 1996) ; the KIR inhibitory signal blocks phosphorylation of Fc␥RIII and zap-70, as well as downstream events including inositol-1,4,5-trisphosphate (IP3) production, and calcium mobilization (Bindstadt et al., 1996; Kaufman et al., 1995) . These data are consistent with a mechanism in which recruitment of a tyrosine phosphatase by CTLA-4 or KIR is for the purpose of blocking proximal tyrosine kinase activation, and so attenuating or blocking all tyrosine phosphorylation-dependent events initiated by their respective activating receptors. In contrast, the Fc␥RIIb1 inhibitory signal does not affect surface immunoglobulin (sIg) induced tyrosine phosphorylation, but causes a substantial inhibition in the production of soluble inositol phosphates (including inositol-trisphosphate-IP3) and calcium influx (Bjisterbosch and Klaus, Color scheme is as in Figure 1 , with red dots indicating tyrosine phosphorylation of the cytoplasmic tail activating motif of the activating receptor, and blue dots indicating tyrosine phosphorylation of the cytoplasmic tail inhibitory motif of the inhibitory receptor.
SHIP will be involved in the inhibition of soluble inositol rapid degradation of IP3, as this would result in preserved total inositol phosphate production. One obvious phosphate production mediated by Fc␥RIIb1, this has potential SHIP target which satisfies these conditions not been functionally demonstrated, and such a demonis PIP2 itself. In this scenario, recruitment of SHIP to stration would not exclude a complementary role for Fc␥RIIb1 would result in the removal of 5Ј-phosphates SHP-1 which could selectively block the phosphorylafrom PIP2, thereby decreasing the availability of the tion of specific substrates involved in that process or major PLC␥2 substrate, with a consequent decrease in involved directly in regulation of calcium influx. Neverproduction of IP3 and its associated breakdown prodtheless, SHIP's unique enzymatic activity suggests new
ucts. An alternative scenario is suggested by the fact ideas about the Fc␥RIIb1 inhibition mechanism and sevthat SHIP is one of only a few inositol 5Ј-phosphatases eral related areas of signal transduction research.
with activity towards the 3Ј-phosphoinositide phosphaThe most interesting question raised by the demontidylinositol-3,4,5-trisphosphate (PIP3) (Damen et al., stration of SHIP recruitment to Fc␥RIIb1 during inhibi-1996). Since sIg receptor engagement causes the protory signaling is "What is/are SHIP's target(s)?". Since duction of PIP3, the recruitment of SHIP to Fc␥RIIb1 at SHIP has a consensus inositol-5Ј-phosphatase domain, the plasma membrane could potentially be to remove it is very likely that it is recruited to remove 5Ј-phos-5Ј-phosphates from PIP3, thereby selectively blocking phates from one or more 5Ј-phosphorylated inositol downstream events dependent on PIP3. This has the phospholipids. As described above, inhibitory Fc␥RIIb1 exciting implication that PIP3 could be involved in sIgsignaling is known to involve a block in total soluble mediated production of soluble inositol phosphates, inositol phosphate production (including IP3) which is and/or has a direct role in the regulation of calcium associated with normal ER calcium release but blocked influx. Since PIP3 is produced through the action of extracellular calcium influx. The origin of the specificity phosphatidylinositol 3-kinase (PI 3-kinase) on PIP2, it of the Fc␥RIIb1 signal for calcium influx relative to ER follows that inositol phosphate production and/or calcalcium release is currently unclear. It is possible that cium influx could be important targets of PI 3-kinase the selective block of calcium influx is due to a direct signaling pathways. The resolution of these questions regulation of an as yet uncharacterized influx pathway promises to add dramatically to our understanding of (Muta et al., 1994) . However, one could make the alternathe mechanisms involved in sIg-mediated inositol phostive hypothesis that sustained production of IP3 or other phate production and calcium influx. inositol phosphates is required for calcium influx. In that Taken together, the data from all of these systems case, it would be possible that an apparent specific suggests that SHP-1/2 and SHIP are recruited for disblock of calcium influx occurs because the Fc␥RIIb1-tinct purposes. SHP-1 and SHP-2 attenuate or commediated inhibition of IP3 production is not rapid pletely block tyrosine phosphorylation-mediated signals enough to keep the level of IP3 below a threshold re- (Figure 3 , middle panel), while SHIP allows a full strength quired for ER calcium release but is adequate to keep tyrosine phosphorylation signal to proceed while blockthe levels of IP3 or other inositol phosphates below that ing any downstream events which require sustained elerequired for calcium entry at later time points. In either vations of soluble inositol phosphates and/or intracellucase, the observed block of total inositol phosphate lar calcium (Figure 3 , right panel). What would be the production would seem to require that at least one target utility of each type of inhibitory signal? One potential of Fc␥RIIb1/SHIP is upstream from or involves the action explanation can be rationalized by comparing the raison of phospholipase C␥2 (PLC␥2) on phosphatidylinositold' ê tre of the inhibitory signals mediated by Fc␥RIIb1 4,5-bisphosphate (PIP2), the primary pathway for sIgon B cells with those of KIR on NK cells. The sIg receptor mediated production of soluble inositol phosphates (inactivating signal serves to notify B cells that specific cluding IP3). Similarly, blocked total inositol phosphate antigen is present, and so initiate B-cell maturation production would seem to exclude the possibility that and proliferation for the purpose of specific immunoglobulin production. However, coengagement of sIg and recruitment of SHIP to Fc␥RIIb1 simply results in the sitol phosphate and/or intracellular calcium levels is to Burshtyn, D., Scharenberg, A.M., Wagtmann, N., Rajagopalan, S., notify the B cell that adequate specific antibody has Berrada, K., Yi, T., Kinet, J.P., and Long, E.O. (1996) . Immunity 4, been produced, and may be the signal which induces 77-85. apoptosis of that B cell in the appropriate context. This Chacko, G.W., Tridandapani, S., Damen, J.S., Liu, L., Krystal, G., situation is subtly, but importantly, different than that of and Coggeshall, K.M. (1996) . J. Immunol. 157, 2234 Immunol. 157, -2238 an NK cell. NK cells function by undergoing target cell D'Ambrosio, D., Hippen, K.L., Minskoff, S.A., Mellman, I., Pani, G., Siminovitch, K.A., and Cambier, J.C. (1995) . Science 268, [293] [294] [295] [296] [297] recognition events mediated by activating receptors which are capable of initiating cytolysis, and the KIR Daeron, M., Latour, S., Malbec, O., Espinosa, E., Pina, P., Pasmans, S., and Fridman, W.H. (1995) . Immunity 3, [635] [636] [637] [638] [639] [640] [641] [642] [643] [644] [645] [646] inhibitory signal is required to block inappropriate cytolDamen, J.E., Liu, L., Rosten, P., Humphries, R.K., Jefferson, A.B., ysis of cells which are recognized but which also bear Majerus, P.W., and Krystal, G. (1996) . Proc. Natl. Acad. Sci. USA appropriate class I MHC. Since there would be little 93, 1689-1693. utility in the NK cell "knowing" about contact with each Kaufman, D.S., Schoon, R.A., Robertson, M.J., and Leibson, P.J. and every protected target, an inhibitory mechanism (1995) . Proc. Natl. Acad. Sci. USA 92, [6484] [6485] [6486] [6487] [6488] where the activating signal is completely abrogated Lioubin, M.N., Algate, P.A., Tsai, S., Carlberg, K., Aebersold, A., and would seem to be most appropriate. This, we surmise, Rohrschneider, L.R. (1996) . Genes Dev. 10, 1084-1095. would account for the apparently SHP-1 predominant Marengere, L.E., Waterhouse, P., Duncan, G.S., Mittrucker, H.W., inhibitory signal mediated by KIR. To summarize, we Feng, G.S., and Mak, T.W. (1996) . Science 272, 1170 Science 272, -1173 suggest that primarily SHP-1/2 mediated block would Muta, T., Kurosaki, T., Misulovin, Z., Sanchez, M., Nussenzweig, be utilized when the cell has no need to know about the M.C., and Ravetch, J.V. (1994) . Nature 369, 340.
presence of a particular stimulus, while a primarily SHIPOno, M., Bolland, S., Tempst, P., and Ravetch, J.V. (1996) . Nature mediated block would be utilized when the cell needs 383, 263-265. to know and to respond in some altered manner. It will Tonks, N., and Neel, B.G. (1996) . Cell 87, [365] [366] [367] [368] be interesting to see if SHP/SHIP utilization remains Weiss, A., and Littman, D.R. (1994) . Cell 76, consistent with a "need to know" model as the results of further experiments with other inhibitory systems become available.
The new perspectives provided by the identification of SHIP as a molecule involved in inhibitory signaling have important implications outside of the specific cases discussed above. For example, the inhibitory immunoglobulin superfamily members CD22 and gp49 also contain ITIM motifs, which, in addition to recruiting SHP-1, may also recruit SHIP. More speculative would be involvement of either SHP-1/2 or SHIP in the inhibitory signals mediated by MAFA-1 (a C-type lectin) and CD81 (a four transmembrane domain superfamily member). While neither receptor has an ITIM motif, both receptors contain ITIM-like sequences which could become phosphorylated to create binding sites for inhibitory effectors. From a broader perspective, it is not likely that inhibitory signaling receptors are limited to immunologic systems. While SHP-1 and SHIP are restricted to hematopoietic lineages, SHP-2 is widely expressed, and an exhaustive search for SHIP homologues has yet to be made. Therefore, inhibitory mechanisms similar to those described above have the potential to exist in a wide range of cell types. Given the rapidly expanding number of well characterized activating receptor systems, it seems likely that receptor-mediated inhibitory signals will increasingly be recognized to participate in diverse types of cellular processes.
